The severe acute respiratory syndrome coronavirus (SARS-CoV) ORF7b (also called 7b) protein is an integral membrane protein that is translated from a bicistronic open reading frame encoded within subgenomic RNA 7. When expressed independently or during virus infection, ORF7b accumulates in the Golgi compartment, colocalizing with both cis-and trans-Golgi markers. To identify the domains of this protein that are responsible for Golgi localization, we have generated a set of mutant proteins and analyzed their subcellular localizations by indirect immunofluorescence confocal microscopy. The N-and C-terminal sequences are dispensable, but the ORF7b transmembrane domain (TMD) is essential for Golgi compartment localization. When the TMD of human CD4 was replaced with the ORF7b TMD, the resulting chimeric protein localized to the Golgi complex. Scanning alanine mutagenesis identified two regions in the carboxy-terminal portion of the TMD that eliminated the Golgi complex localization of the chimeric CD4 proteins or ORF7b protein. Collectively, these data demonstrate that the Golgi complex retention signal of the ORF7b protein resides solely within the TMD.
Although the majority of enveloped viruses bud from the plasma membrane, several virus families utilize intracellular compartments for budding; examples include bunyaviruses, which bud into the Golgi region (20, 35, 63) ; hepadnaviruses, which bud into membranes derived from endoplasmic reticulum (ER)-Golgi intermediate compartments (ERGICs) (38, 56, 80) ; and flaviviruses, which bud into the ER (32, 40) . The structural components of these viruses must have targeting motifs for protein retention at the respective site of budding (9, 12) . Viruses have evolved numerous mechanisms for targeting of structural proteins to necessary intracellular compartments. Varicella-Zoster virus glycoprotein I is targeted to the trans-Golgi network (TGN) via two independent motifs within the protein's cytoplasmic tail (86) . G N proteins from bunyaviruses localize to the Golgi apparatus in different ways. The G N protein of Uukuniemi virus utilizes a targeting motif contained entirely within the cytoplasmic tail (2) , whereas G N proteins from Rift Valley fever and Punta Toro viruses contain targeting sequences mapping to residues spanning the transmembrane domain (TMD) and the adjacent region of the cytoplasmic tail (11, 36) . In contrast, the Bunyamwera virus G N protein 18-residue TMD is necessary and sufficient for Golgi complex retention (66) .
Members of the Coronaviridae are enveloped viruses with large, positive-stranded RNA genomes that range from 27 to 31 kb in size (34) . There is some discrepancy over the precise location of coronavirus budding, but it is generally accepted that budding occurs at membranes within the early secretory pathway, and significant evidence implicates the ERGIC (1, 7, 17, 19, 23, 52, 69, 76, 77) . Coronavirus structural proteins are often found in high concentrations at the Golgi apparatus. M proteins from mouse hepatitis virus (MHV), avian infectious bronchitis virus (IBV), porcine transmissible gastroenteritis virus, SARS-CoV, and feline coronavirus all localize to the Golgi complex in cDNA-transfected cells (17, 24, 30, 31, 44, 58, 70) , with Golgi complex targeting sequences identified in various locations. The MHV M first and second TMDs and cytoplasmic tail are necessary for Golgi complex retention (25) , whereas the first TMD within the IBV M protein is sufficient for cis-Golgi localization (70) . The IBV E protein localizes to the Golgi region utilizing a targeting motif contained entirely within the cytoplasmic tail (6) ; however, the MHV E protein localizes to the ER and ERGIC when expressed independently of M, suggesting that it does not contain an independent Golgi retention sequence (53) . Interestingly, the SARS-CoV E protein has been shown to accumulate in either the ER or Golgi region, depending on the cell type analyzed (22, 44) . All coronavirus spike (S) proteins identified to date localize primarily to the cell surface, with intracellular accumulations being detectable throughout the secretory pathway. It has been proposed for several coronaviruses that S contains a dibasic motif within the cytoplasmic tail, allowing the recycling of intracellular S between the ER and Golgi complex, which would allow packaging into virions (26, 37) .
Coronavirus virion envelopes typically contain three integral membrane proteins, envelope (E), membrane (M), and spike (S); however, the incorporation of accessory genes into the viral envelope has been reported for various coronaviruses. The SARS-CoV genome encodes eight distinct accessory genes (ORF3a, -3b, -6, -7a, -7b, -8a, -8b, and -9b), the most of any coronavirus identified to date (33, 57, 75) , with the exception of the recently identified whale coronavirus, which also has eight predicted accessory genes (39) . Several of the SARS-CoV accessory proteins, including ORF3a, ORF6, ORF7a, and ORF7b, have been identified as being virion-associated proteins (13-15, 61, 65) . The function of these proteins within virus particles remains unclear.
The intracellular localization of several SARS-CoV accessory proteins that are packaged into virus particles has been studied. The ORF3a protein localizes to the Golgi complex and the cell surface (49, 72) ; the ORF6 protein localizes to numerous intracellular membrane structures, predominantly the ER and Golgi complex (10, 51) ; and both ORF7a and ORF7b strongly localize to the Golgi region (18, 45, 61, 62) . It has been demonstrated that the ORF7a TMD and short cytoplasmic tail are sufficient to confer some degree of Golgi complex localization to a chimeric protein otherwise localized to the cell surface (45) . Identifying intracellular targeting motifs of these proteins may help elucidate the mechanisms involved in their packaging into virus particles. In this study, we have identified a Golgi complex localization signal within the putative 22-amino-acid TMD of ORF7b. The ORF7b TMD is necessary for its Golgi complex localization, as replacing it with the TMD from the human endoprotease furin results in aberrant localization. It is also sufficient to redirect the cell surfacetargeted glycoprotein CD4 to the Golgi apparatus. The ORF7b amino-and carboxy-terminal sequences do not contribute to subcellular localization, and scanning alanine mutagenesis has implicated TMD residues 13 to 15 and 19 to 22 as being critical for Golgi complex retention.
MATERIALS AND METHODS

Cells.
Vero (ATCC CRL-1586) and 293T (71) cells were cultured in Dulbecco's modified Eagle medium containing 10% fetal bovine serum (Atlanta Biologicals), 1 mM glutamine, 1 mM sodium pyruvate (Invitrogen), 100 U/ml penicillin (Invitrogen), and 100 g/ml streptomycin (Invitrogen). Cells were incubated in a 5% CO 2 humidified incubator at 37°C.
Plasmids. Plasmid pCAGGS (48) encoding either cDNA for the native fulllength SARS-CoV ORF7b protein or ORF7b with a carboxy-terminal c-Myc epitope tag was described previously (61) . Amino-or carboxy-terminal deletions or alanine substitutions detailed in Fig. 1 were introduced into ORF7b by overlap PCR amplification using primers containing the desired mutations. An ER-restricted ORF7b mutant was generated by the addition of nucleotide sequenceencoding residues KKAA, a canonical ER retrieval motif (16, 67) , to the C terminus of ORF7b-Myc. ORF7b TMD alanine mutants at residues 21 to 23 and 27 to 30 were similarly generated by overlap PCR. The resulting cDNAs were digested with EcoRI and XhoI, ligated into similarly digested vector pCAGGS, and sequenced.
ORF7b-Myc containing the human furin TMD was generated by overlap PCR. The ORF7b nucleotide sequence encoding the transmembrane domain was replaced with sequence encoding the entire 21-residue TMD of furin (GenBank accession number BC012181.1). The cDNA was digested and ligated into pCAGGS as described above and sequenced.
The human CD4 cDNA (courtesy of Ken Murphy, Washington University) was cloned into expression vector pCAGGS by utilizing EcoRI and XhoI restriction sites. The CD4 TMD was replaced with the ORF7b TMD by overlap PCR. Scanning alanine mutagenesis was performed on the CD4 ORF7b TMD or ORF7b as detailed in Fig. 4 . All TMD mutations were introduced by overlap PCR. CD4 mutants were digested with EcoRI and XhoI, ligated into pCAGGS, and sequenced. All primer sequences are available upon request.
The S15-green fluorescent protein (GFP) cDNA contains the GFP open reading frame fused to the first 15 amino acids of Src protein tyrosine kinase and was described previously (55) .
Transient transfection. Transfection experiments were performed using the LT-1 transfection reagent (Mirus) according to the manufacturer's protocol. For Western blotting or fluorescence-activated cell sorter (FACS) analysis, 1.5 ϫ 10 5 293T cells were plated into each well of a six-well plate (Corning) and allowed to attach for 24 h at 37°C. The cells were transfected with 1 g of DNA mixed with 2 l of LT-1 transfection reagent and incubated for 18 h at 37°C prior to lysis or fixation. For confocal microscopy, 7.5 ϫ 10 4 Vero cells were plated into each well of a 12-well plate (Corning) containing glass coverslips and allowed to attach for 24 h at 37°C. The cells were transfected with 0.5 g of DNA mixed with 2 l LT-1 and incubated for 18 h at 37°C.
Flow cytometry. For flow cytometry, transfected 293T cells were detached from tissue culture dishes using 100 mM EDTA and washed three times with phosphate-buffered saline (PBS). For permeabilization, the cells were immediately fixed with 2% paraformaldehyde in PBS for 10 min at room temperature, washed three times with PBS, resuspended in PBS plus 0.1% Triton X-100 for 5 min, and washed two times with PBS. For the detection of cell surface protein expression, the primary antibody incubation was performed on ice. Cells were blocked with block buffer (PBS plus 3% NGS [Sigma] plus 0.5% bovine serum albumin) for 10 min. The cells were then incubated with anti-CD4 mouse monoclonal antibody (MAb) (1-g/ml final concentration) (mAb379; R&D Systems) diluted in blocking buffer. Cells were washed three times with PBS and fixed with 2% methanol-free formaldehyde in PBS for 10 min. Cells were then incubated with goat anti-mouse immunoglobulin G (IgG) antibody conjugated to Alexa Fluor 488 (4-g/ml final concentration in blocking buffer) (Molecular Probes) for 30 min and washed three times with PBS. The cells were analyzed by flow cytometry (FACSCalibur dual-laser flow cytometer; Becton Dickinson), and data were collected using CellQuest software.
Indirect immunofluorescence and confocal microscopy. For indirect immunofluorescence analysis, cells were washed three times with PBS and either (i) fixed FIG. 1. Schematic diagram of ORF7b-Myc proteins. ORF7b-Myc constructs included N-terminal mutants (mutants at residues 2 to 4 and 5 to 7 and ⌬N), C-terminal mutants (mutants at residues 32 to 35, 36 to 39, and 40 to 44 and ⌬C), and an ER-restricted mutant containing a canonical ER retrieval motif, KKAA, at the C terminus. The native ORF7b TMD was also replaced with the TMD from human furin. Numbers represent amino acid positions within the ORF7b protein, and dashes represent amino acids that have not been altered.
with 2% paraformaldehyde in PBS for 10 min for intracellular protein localization or (ii) placed on ice for 10 min to assess plasma membrane localization. For intracellular immunostaining, 0.1% saponin was added to all subsequent antibody dilutions and wash buffers.
Cells were blocked with block buffer (PBS plus 3% NGS [Sigma] plus 0.5% bovine serum albumin) for 10 min. The cells were then incubated with antibody diluted in blocking buffer for 1 h, followed by three washes in PBS and fixation with 2% paraformaldehyde in PBS for 10 min. Primary antibodies used were rabbit anti-ORF7b polyclonal sera (1:1,000 dilution) (61), anti-GM130 mouse MAb (2.5-g/ml final concentration) (BD Biosciences), rabbit anti-calnexin IgG (1:500 dilution) (Sigma), rabbit anti-ERGIC53 IgG (5-g/ml final concentration) (Sigma), anti-LAMP1 mouse MAb H4A3 (5-g/ml final concentration) (Developmental Studies Hybridoma Bank, NICHD), anti-c-Myc mouse MAb (1:100 dilution) (supernatant from hybridoma 9E10; ATCC CRL-1729), anti-c-Myc rabbit antibody (0.5-g/ml final concentration) (Sigma), and anti-CD4 mouse MAb (2-g/ml final concentration) (mAb379; R&D Systems). Wheat germ agglutinin conjugated to Alexa Fluor 555 (2-g/ml final concentration) (Molecular Probes) was added to primary antibody dilutions in nonpermeabilized conditions to highlight the plasma membrane. Anti-CD4 antibody was directly conjugated to Alexa Fluor 488 (Molecular Probes). Cells were washed three times with PBS, incubated with secondary antibody (Alexa Fluor 488-conjugated goat anti-mouse IgG, Alexa Fluor 555-conjugated goat anti-mouse IgG, Alexa Fluor 555-conjugated goat anti-rabbit IgG, or Alexa Fluor 647-conjugated goat anti-rabbit IgG [4-g/ml final concentration; Molecular Probes]) as appropriate. Nuclei were counterstained concurrently with TO-PRO-3 iodide (Molecular Probes). Coverslips were mounted onto microscope slides using Prolong Antifade Gold (Molecular Probes) and visualized on a Zeiss LSM 510 confocal microscope. Images shown are representative of the majority of cells expressing a particular mutated protein. All colocalization experiments were done at least twice, and dozens of cells were analyzed before representative images were chosen.
SDS-PAGE and Western blotting. Cells were lysed in 1% sodium dodecyl sulfate (SDS) in water, and nucleic acid was sheared with 10 strokes through a 26-gauge needle and syringe, sonicated for 5 min, mixed at a 1:1 ratio with Laemmli 2ϫ SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer with 200 mM dithiothreitol, and boiled for 5 min (50) . Samples were loaded onto either 10% or 15% polyacrylamide gels (Mini Trans-Blot; Bio-Rad).
For Western blotting, separated polypeptides were transferred onto polyvinylidene difluoride membranes (Millipore) and blocked in PBS containing 0.3% Tween 20 and 5% nonfat dry milk (block buffer). Membranes were incubated with the following antibodies diluted in block buffer: anti-␤-actin mouse MAb (0.25-g/ml final concentration) (Abcam), anti-c-Myc mouse MAb (1:100 dilution, supernatant from hybridoma 9E10; ATCC CRL-1729), anti-CD4 mouse MAb (2-g/ml final concentration) (mAb379; R&D Systems), and rabbit anti-ORF7b antiserum (1:1,000 dilution) (61) . Primary antibodies were detected using species-specific IgG secondary antibodies coupled to horseradish peroxidase (Jackson Laboratories). The blots were soaked in chemiluminescent reagent (ECL Plus Pico; Amersham Biosciences) and imaged using either chemiluminescence and exposure to X-ray film (Molecular Technologies) or chemifluorescence followed by phosphorimager analysis (FujiFilm FLA-5000) to quantify the signal intensity.
Peptide N-glycosidase F and Endo H digestions. At 20 h posttransfection, 293T cells were lysed in extraction buffer (50 mM Tris [pH 7.4], 0.5% SDS), sheared with 10 strokes through a 26-gauge needle and syringe, sonicated, and boiled for 10 min. For peptide-N-glycosidase F (PNGase F) digestion, 80 l of lysate was mixed with a solution containing 10 l of 10ϫ G7 reaction buffer, 10 l of 10% NP-40, and 750 units of PNGase F (New England BioLabs) and incubated for 16 h at 37°C. For endoglycosidase H (Endo H) digestion, 80 l of lysate was mixed with a solution containing 10 l of 10ϫ G5 reaction buffer, 10 l of PBS, and 750 units of Endo H (New England BioLabs) and incubated 16 h at 37°C. The reaction mixtures were analyzed on 10% SDS-PAGE gels followed by Western blotting.
Viruses. Recombinant SARS-CoV containing GFP in place of the ORF7 coding region was kindly provided by Ralph Baric, University of North Carolina. Briefly, nucleotides 27276 to 27643 (GenBank accession number A278741) were replaced with the open reading frame for GFP, and recombinant viruses were generated as previously described (84) . Virus stocks were generated, and cells were infected as described previously (61, 62) .
RESULTS
Intracellular localization of ORF7b N-and C-terminal scanning alanine mutants.
The ORF7b protein colocalizes with markers of the Golgi apparatus when expressed either during viral infection or from cDNA (61, 62) . Because subcellular localization is not altered in the presence of other viral proteins, it is likely that the ORF7b protein contains a Golgi complex targeting sequence. As illustrated in Fig. 1 , ORF7b is predicted to have an eight-residue amino (N) terminus, a 22residue TMD, and a 14-residue carboxy (C)-terminal tail. The protein does not contain a signal sequence, and the C terminus is exposed to the cytosol, suggesting that the ORF7b protein is a type III integral membrane protein (61) . The ORF7b protein has no significant homology with any other identified viral or cellular protein.
To determine if residues within the N-or C-terminal regions of ORF7b are required for Golgi complex targeting, a series of scanning alanine mutants was constructed ( Fig. 1 ). Three to five consecutive residues were mutated to Ala in ORF7b containing a C-terminal Myc epitope tag. To further identify if the termini contribute to protein localization, tail truncation mutants were generated as depicted in Fig. 1 . Seven of the eight N-terminal residues (⌬N) or 13 of the 14 C-terminal residues (⌬C) were removed. Additionally, a canonical dilysine ER retrieval motif (KKAA) was added to the C terminus of ORF7b-Myc (16, 67) to determine if the native Golgi complex targeting of ORF7b can be overcome by a known localization sequence. The dilysine motif, found near the terminus of some integral membrane protein cytoplasmic tails, interacts with the COPI cytosolic coat protein complex and facilitates the retrieval of the protein from the Golgi complex to the ER (reviewed in reference 73).
The intracellular localization of the scanning alanine, tail deletion, and ER retrieval ORF7b mutants was analyzed by confocal immunofluorescence microscopy (Fig. 2) . The results revealed that the N terminus is not required for Golgi complex localization. Both scanning alanine mutants at residues 2 to 4 and 5 to 7 resembled wild-type ORF7b-Myc and retained a high level of colocalization with the cis-Golgi marker GM130 ( Fig. 2Ac , f, and i). In fact, the deletion of the entire N terminus had no significant impact on subcellular localization, as ⌬N maintained Golgi complex localization ( Fig. 2Aj to l). Together, these data suggest that the predicted luminal domain of ORF7b does not contribute to Golgi complex retention.
Similar results were obtained with the C-terminal scanning alanine mutants. All C-terminal alanine mutants retained strong colocalization with GM130 ( Fig. 2Bc , f, and i), suggesting that the cytoplasmic tail contained no Golgi complex targeting sequences. Deletion of the entire C terminus resulted in a loss of protein expression, suggesting that the stability of the tail deletion mutant was likely altered, allowing either rapid degradation or processing such that the Myc epitope is no longer recognized by the anti-Myc antibody (data not shown).
The addition of the dilysine ER retrieval motif was sufficient to redirect ORF7b-Myc to the ER, as shown by colocalization with calnexin ( Fig. 2Cf ). Little Golgi complex colocalization remained ( Fig. 2Ca to c), and no protein was trafficked to the cell surface ( Fig. 2Cg to i). These data indicates that the signals mediating ORF7b Golgi complex localization can be overcome by an ER retrieval signal, resulting in cycling between the Golgi complex and the ER.
All scanning alanine constructs, the ORF7b-Myc ⌬N, and the KKAA mutant were expressed at similar levels in 293T cells VOL. 82, 2008 ORF7b GOLGI COMPLEX LOCALIZATION 9479 on March 7, 2015 by MAHIDOL UNIV FAC OF MED http://jvi.asm.org/ transfected with each cDNA, as determined by Western blotting (Fig. 2D ). Slight migration differences are likely due to changes in amino acid composition. These results suggest that the N and C termini of ORF7b are not required for Golgi complex targeting and that the protein can be redirected to a different compartment with the addition of an appropriate motif. The intracellular localization of ORF7b containing a chimeric TMD. To delineate the contribution of the TMD to Golgi complex localization, an ORF7b chimera was generated by replacing the ORF7b TMD with the 21-residue TMD from the human endoprotease furin ( Fig. 1 ). An acidic amino acid sequence and a tyrosine-containing sequence within the furin cytoplasmic tail are responsible for targeting furin to the trans-Golgi network; the deletion of the furin cytoplasmic tail results in protein localizing to lysosome-like vesicles and to the plasma membrane (3, 79) . Thus, the furin TMD should not contribute to ORF7b Golgi complex localization.
Vero cells were transfected with plasmids expressing either ORF7b-Myc or the furin TMD mutant and analyzed by confocal microscopy (Fig. 3A ). ORF7b-Myc colocalized strongly only with GM130 ( Fig. 3Af ) while demonstrating little or no colocalization with calnexin ( Fig. 3Ac ), the ERGIC marker ERGIC53 (Fig. 3Ai ), the lysosomal marker LAMP1 (Fig. 3Al ), or the plasma membrane highlighted by S15-GFP ( Fig. 3Ao) . In contrast, the ORF7b-Myc furin TMD protein showed partial colocalization with both calnexin and ERGIC53 ( Fig. 3Ar and x, respectively) and a significant decrease in Golgi complex localization. The mutant protein was not present at significant levels in lysosomes ( Fig. 3Aaa ) or at the plasma membrane (Fig. 3Add ). The ORF7b-Myc and ORF7b-Myc furin TMD mutants were expressed at equivalent levels as judged by Western blotting of 293T cell lysates (Fig. 3B ). These data indicate that the ORF7b TMD is essential for the localization of the protein to the Golgi region.
The ORF7b TMD is sufficient to retain CD4 at the Golgi complex. To determine if the ORF7b TMD is sufficient to alter the localization of an integral membrane protein normally expressed on the plasma membrane, a chimeric human CD4 construct was generated ( Fig. 4A ). CD4 is a single-TMD glycoprotein that is efficiently transported to the plasma membrane. The membrane-spanning domain of human CD4 was replaced with that from ORF7b (CD4 ORF7b TMD), and (Fig. 5A ). As expected, wild-type CD4 was clearly present at the cell surface, highlighting the plasma membrane of expressing cells (Fig. 5Aa, d, and g) . Some CD4 colocalized with calnexin, ERGIC53, and GM130, presumably due to its transient presence in those compartments during transport to the plasma membrane. The replacement of the CD4 TMD with that from ORF7b altered the subcellular localization of the protein such that little or no surface staining was visible by microscopy. The mutant protein was retained in a juxtanuclear location, colocalizing predominantly with GM130 ( Fig. 5Al , o, and r), suggesting that the ORF7b TMD is sufficient to not only prevent the trafficking of CD4 to the plasma membrane but also retain it at the Golgi apparatus. The surface expression patterns of wild-type and chimeric CD4 were confirmed by flow cytometry (Fig. 5C ). 293T cells were transfected with plasmids expressing CD4 or CD4 ORF7b TMD. Eighteen hours posttransfection, cells were stained under permeabilizing or nonpermeabilizing conditions using an anti-CD4 antibody, and protein expression was quantified by FACS analysis. As expected, CD4 was detected in similar percentages of permeabilized and nonpermeabilized cells (34.3% and 31.4%, respectively; mean fluorescences, 747.4 and 69.1), suggesting that nearly all CD4-expressing cells have surface-expressed protein. In contrast, CD4 ORF7b TMD-transfected cells expressed intracellular protein, but little or no CD4 was detectable on the surface of nonpermeabilized cells (35.9% and 2.3%, respectively; mean fluorescences, 399.0 and 6.37), confirming the results obtained by microscopy. The expression levels of both proteins were analyzed by Western blotting; no significant differences were observed (Fig. 5B) , consistent with the flow cytometry data. The CD4 ORF7b TMD construct appeared to have a faster-migrating band than wildtype CD4, and a small doublet band was observed with slightly slower migration. Given the subcellular localization data, this is presumably due to differences in N-linked glycosylation acquired during the secretory process. These observations demonstrate that the TMD of ORF7b is sufficient to retain a plasma membrane protein in the Golgi region. The TMD of human CD4 was replaced with the TMD of SARS-CoV ORF7b. Additional scanning alanine mutagenesis was performed within the ORF7b TMD, generating mutants at residues 1 to 3, 4 to 6, 8 to 9, 10 to 12, 13 to 15, 16 to 18, and 19 to 22, with numbers representing amino acid locations within the ORF7b TMD. To disrupt the predicted ␣-helical structure of the TMD, a single alanine was inserted at position 10 within the TMD (Ala10 insertion). (B) Helical wheel depiction of the predicted ␣-helices of residues 1 to 18 from the wild-type ORF7b TMD (left) and the Ala10 insertion TMD (right). Phenylalanine resides are highlighted in gray, and leucine residues are highlighted in black.
Identification of Golgi complex targeting sequences in the CD4 ORF7b TMD protein. Analysis of the Golgi retention
properties of various cellular Golgi-resident enzyme TMDs has not revealed any consensus sequence homology or conserved motifs (41) (42) (43) 70) that are responsible for the intracellular retention. It was further suggested that the physical properties, including the structure and length of the membrane-spanning domain, may contribute to Golgi complex retention activity (reviewed in reference 4). Statistical analysis suggested that Golgi complex-resident enzymes contain short TMDs, averaging 15 residues in length, compared to the approximately 20residue average for TMDs from plasma membrane proteins (4). This is clearly not a steadfast rule, as both the ORF7b and IBV M TMDs are predicted to be 22 residues in length, and both are sufficient to confer Golgi complex localization to a plasma membrane protein ( Fig. 5A) (70) . It was also previously reported that TMDs of mammalian resident Golgi complex enzymes may contain more of the bulky residue phenylalanine than other membrane-spanning domains of non-Golgi complex-localized proteins (4, 21) . The ORF7b TMD has a total of six phenylalanine residues, significantly more than the 5.3% average reported for plasma membrane protein TMDs.
To define specific residues in the ORF7b TMD that are critical for Golgi complex retention, scanning alanine mutagenesis was performed on the membrane-spanning domain of CD4 ORF7b TMD. As detailed in Fig. 4A , alanine substitutions were generated throughout the entire TMD in sets of 2 to 4. Nomenclature denotes the residue number within the putative TMD. The seventh residue of the ORF7b TMD is an alanine and was left unchanged in the scanning alanine mutagenesis. When residues 1 to 18 of the ORF7b TMD are projected in a helical wheel pattern, it is apparent that one face of the TMD is rich in leucine residues (Fig. 4B, left) . It was recently demonstrated that a leucine zipper-like structure within the transmembrane segment of the erythropoietin receptor mediates its homotypic interactions (59) . To determine if this face or the overall helical structure of the TMD is required for Golgi complex retention, a single alanine residue was inserted at position 10 within the TMD (Ala10 insertion) This insertion disrupts the wild-type helix, redistributing the leucines across multiple faces of the TMD (Fig. 4B, right) . Substitution or insertion mutants were cloned into expression vector pCAGGS, transfected into 293T cells, and analyzed for cell surface expression. Mutations that disrupt the Golgi complex retention properties of the TMD should allow the CD4 chimera to traffic to the plasma membrane. Transfected cells were lysed, and expression was analyzed by Western blotting (Fig. 6A) ; all the proteins appeared to be expressed to similar levels. Two CD4 bands were visible for each of the constructs, presumably due to differences in glycosylation. Transfected 293T cells were then immunostained using permeabilized or nonpermeabilized conditions with an antibody recognizing an epitope within the CD4 extracellular domain and analyzed by flow cytometry (Fig. 6B) . The percentage of cell surface-expressed protein was calculated as the mean fluorescent intensity of nonpermeabilized cells divided by the mean fluorescent intensity of permeabilized cells (Fig. 6C ). As expected, wild-type CD4 was efficiently trafficked to the plasma membrane, as nonpermeabilized cells had more than 80% of the fluorescent intensity of the permeabilized cells. The CD4 ORF7b TMD was retained almost entirely intracellularly. Mutants at residues 8 to 9 and the Ala10 insertion resembled the CD4 ORF7b TMD, demonstrating no significant change in cell surface expression (P ϭ 0.994 and 0.629, respectively). Mutants at residues 1 to 3, 4 to 6, 10 to 12, and 16 to 18 had only a moderate but statistically insignificant increase in cell surface expression (P ϭ 0.756, 0.168, 0.279, and 0.058, respectively). In contrast, mutants at residues 13 to 15 and 19 to 22 had high levels of surface expression, suggesting that these two regions were critically important for Golgi complex retention (P ϭ 0.007 and 0.012, respectively).
To confirm the transport of the CD4 ORF7b TMD mutants beyond the cis-Golgi complex, whole-cell lysates from transfected 293T cells were mock treated or treated with either Endo H or PNGase F. Endo H cleaves mannose-rich N-linked glycans that have not been processed by mannosidase enzymes in the medial Golgi complex, whereas PNGase F cleaves all N-linked sugar moieties. After overnight glycosidase digestion, lysates were analyzed by Western blotting with anti-CD4 antibody ( Fig. 6B, right column) . Wild-type CD4 had a significant Endo H-resistant population, representing cell surface and Golgi complex protein. The CD4 ORF7b TMD, however, was nearly 100% sensitive to Endo H digestion. While Ala mutants at residues 1 to 3, 4 to 6, 8 to 9, 10 to 12, and 16 to 18 and the Ala10 insertion were predominantly Endo H sensitive, mutants at residues 13 to 15 and 19 to 22 displayed a significant Endo H-resistant population, further confirming the trafficking of these proteins beyond the Golgi region.
Subcellular localization of TMD mutants. Vero cells were transfected with their respective plasmids, and cells were analyzed by indirect immunofluorescence confocal microscopy (Fig. 7) . To highlight the cell surface, cells were first incubated under nonpermeabilized conditions on ice with wheat germ agglutinin conjugated to Alexa Fluor 555, followed by fixation, permeabilization, and immunostaining with anti-CD4 antibody. Mutants at residues 1 to 3, 4 to 6, 8 to 9, and 10 to 12 and the Ala10 insertion all resembled the CD4 ORF7b TMD, with predominant juxtanuclear staining and little plasma membrane staining evident (Fig. 7f , i, l, o, r, and dd). Mutants at residues 13 to 15 and 19 to 22 resembled wild-type CD4, with significant plasma membrane localization and intracellular staining reminiscent of secretory pathway organelles (Fig. 7c, u, and aa) . The mutant at residues 16 to 18 had predominantly juxtanuclear staining, with light plasma membrane presence detectable (Fig. 7x) . These results confirmed the FACS analysis data.
These data demonstrate that the C-terminal region of the ORF7b TMD is critical for the Golgi complex retention phenotype. In particular, mutation of TMD residues 13 to 15 and 19 to 22 had a significant impact on intracellular retention; the mutation of the intervening residues 16 to 18 had a more modest but detectable effect on Golgi complex localization. The alpha-helical structure of the transmembrane region gave no significant contribution to the retention motif, as disrupting the helical conformation resulted in no increased trafficking to the plasma membrane.
To confirm that residues 13 to 15 and 19 to 22 within the ORF7b TMD are important for Golgi complex retention, the mutations were introduced into wild-type ORF7b cDNA. A double mutant containing both mutations was also generated. TMD residues 13 to 15 and 19 to 22 are located at positions 21 to 23 and 27 to 30, respectively, within the native ORF7b protein. To avoid nomenclature confusion, the mutations within native ORF7b are referred to by location within the full-length protein. Transfected 293T cells were lysed, and expression was analyzed by Western blotting; all constructs ap- VOL. 82, 2008 ORF7b GOLGI COMPLEX LOCALIZATION 9485 on March 7, 2015 by MAHIDOL UNIV FAC OF MED http://jvi.asm.org/ peared to express to similar levels (data not shown). Vero cells were transfected with constructs of wild-type ORF7b and mutants at residues 21 to 23, 27 to 30, or 21 to 23 and 27 to 30 and analyzed by indirect immunofluorescence confocal microscopy (Fig. 8A) . Results demonstrate that these residues within the native TMD are in fact critical for the Golgi complex retention phenotype. The mutation of residues 21 to 23 or 27 to 30 or all simultaneously resulted in aberrant subcellular localization. The mutant proteins did not colocalize with LAMP1 or GM130 or localized to the plasma membrane; although the precise location of the mutant proteins is not clear, it is apparent that these residues are critical for Golgi complex retention.
The subcellular localization of the ORF7b TMD alanine mutants was further analyzed in virus-infected cells. Vero cells were infected with rSARS-CoV GFP⌬ORF7ab, a recombinant virus strain encoding GFP in place of ORF7 (62, 68, 84, 85) . Cells were subsequently transfected with cDNA expressing either ORF7b, ORF7b Ala residues 21 to 23, or ORF7b Ala residues 27 to 30. Cells were fixed 18 h posttransfection, and the percentage of infected and transfected cells was quantified by flow cytometry (data not shown). The percentage of cells expressing both viral antigen and transfected protein was very low (3.6% to 8.6% of total cell populations), preventing the quantitation of trans-expressed ORF7b protein packaged into viral particles. The intracellular localization of ORF7b and the two mislocalized ORF7b mutant proteins in virus-infected cells was not significantly different from that seen in cDNA-transfected cells, indicating that ORF7b localization is not altered by other viral proteins (Fig. 8B ). This suggests that the Golgi complex localization of ORF7b is due to intrinsic factors contained entirely within the ORF7b TMD, and the loss of Golgi apparatus localization due to TMD mutagenesis is not reversible in the presence of other viral structural proteins.
DISCUSSION
Viruses of the Coronaviridae assemble and bud at membranes early in the secretory pathway, likely the ERGIC (1, 7, 17, 19, 23, 52, 69, 76, 77) . Immediately after budding, coronavirus particles appear large and annular by electron microscopy. Virions undergo an intracellular postbudding maturation process during their transport through the Golgi complex (54, 60, 78) . The mechanisms involved in this maturation process FIG. 7 . ORF7b TMD residues 13 to 15 and 19 to 22 are required for Golgi complex retention. Vero cells grown on coverslips were transfected with plasmids encoding the indicated proteins. At 18 h posttransfection, cells were incubated with wheat germ agglutinin (WGA) conjugated to Alexa Fluor 555 to highlight the cellular plasma membranes (red). Cells were subsequently fixed and immunostained with anti-CD4 antibody (green). Staining patterns of TMD mutants at residues 13 to 15 and 19 to 22 resembled that of wild-type CD4, with significant plasma membrane localization. The mutant at residues 16 to 18 had predominantly Golgi complex localization, with low levels of CD4 visible at the cell surface; all other mutants had no visible plasma membrane staining. All images were obtained with a 63ϫ oil immersion objective lens and represent a z-stack projection of 0.5-m slices obtained by laser scanning confocal microscopy.
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SCHAECHER ET AL. J. VIROL. and reasons why the process occurs remain unclear; however, it is clear that the Golgi complex is required for structural maturation to occur (8) . Additionally, many of the coronavirus structural proteins localize to the Golgi compartment in transfected and infected cells (reviewed in references 8 and 34).
We previously showed that the SARS-CoV ORF7b accessory protein is expressed in virus-infected cells utilizing a ribosomal leaky scanning mechanism, localizes to the Golgi region in the context of cDNA transfection or virus infection, and is packaged into virus particles (61) . The expression of the ORF7b protein has been shown to induce apoptosis in cells, but the significance of this in the virus replication cycle remains unclear (18, 62) . ORF7a and ORF7b are not required for virus replication or pathogenicity in vitro in all cell lines examined to date or in vivo in BALB/c mice or Syrian golden hamsters (62, 68, 85) . Interestingly, recombinant SARS-CoV strains lacking ORF7a and ORF7b induce early stages of apoptosis in infected Vero cells equivalently to wild-type virus, but cells infected with ⌬ORF7ab viruses are significantly diminished in ability to undergo oligonucleosomal DNA fragmentation (62) . The precise role of ORF7b in the virus life cycle has yet to be elucidated.
We have identified a Golgi complex retention signal within the single membrane-spanning domain of the SARS-CoV ORF7b protein. The amino-and carboxy-terminal sequences of the protein do not appear to contribute to Golgi complex localization. In contrast, replacement of the native TMD with that from human furin resulted in a complete loss of Golgi complex localization. Not only was the ORF7b TMD necessary for Golgi complex localization, but further analysis using the plasma membrane glycoprotein CD4 demonstrated that it was sufficient to retain a single membrane-spanning domain protein at the Golgi region. We have mapped the retention sequence to residues in the C-terminal portion of the 22-aminoacid domain. The mutation of residues 13 to 22 within the TMD resulted in diminished Golgi complex retention, with residues 13 to 15 and 19 to 22 being the most critical. Similar to the MHV E protein, the helical pitch of the TMD alphahelix is not critical for mediating the Golgi complex localization of the protein despite the disruption of the residues lining one particular face of the helix (83) . Interestingly, the IBV M protein also contains Golgi complex targeting information within the TMD; four critical residues that lined one face of the helix were identified. The disruption of that helix by residue insertion resulted in a severe reduction of the Golgi complex retention capacity (29, 70) . The four IBV M residues identified were all uncharged, polar amino acids that lined one face of the helix. In comparison, the regions identified for the ORF7b TMD contain all nonpolar (residues 13 to 15 and 19) and aromatic (residues 20 to 22) amino acids.
Golgi complex localization of integral membrane proteins is presumed to occur via either retention or retrieval processes (reviewed in reference 42). Retention is mediated by a static anchoring of a protein in the appropriate compartment, whereas retrieval processes are dynamic and utilize signals in the cytoplasmic tail of the protein. Retrieval motifs have been identified as short, tyrosine-containing or acidic stretches of amino acids (42) and have been identified in a number of TGN proteins, including furin, TGN38, and mannose-6-phosphate receptor (reviewed in reference 41). In contrast, no canonical Golgi complex retention motif has been identified.
Retention at the Golgi complex is hypothesized to occur via one of two mechanisms: the lipid-sorting or "bilayer thickness" model or the oligomerization or "kin recognition" model. The membrane bilayer thickness at intracellular membranes may be altered due to cholesterol and sphingolipid composition, and this may play a significant role in the subcellular trafficking of integral membrane proteins (4, 5, 27, 43) . This model suggests that a shorter TMD would be retained intracellularly, where the bilayers is not as thick as it is at the plasma membrane. It has also been proposed that Golgi complex-targeted proteins contain TMDs with higher-than-average concentrations of the residue phenylalanine. Large projecting side chains, such as those contributed by phenylalanine, could be energetically unfavorable in a cholesterol-rich domain because fitting them into the highly ordered bilayer would have increased energy cost (4, 27) . The physical properties of the protein TMDs would subsequently serve to exclude it from a cholesterol-sphingolipid-rich vesicle as it is forming, retaining it in the Golgi compartment.
The "kin recognition" model theorizes that resident proteins form large homo-or hetero-oligomers within the Golgi membranes preventing their packaging into transport vesicles for trafficking through the secretory pathway (46, 47, 81) . This has been proposed for numerous cellular and viral proteins, including the IBV M protein (81), the cellular p63 protein (64) , and the cellular glycosyltransferases ␤-1,4-galactosyltransferase, N-acetylglucosaminyltransferase I, mannosidase II, and ␣-2,6-sialyltransferase (28, 46, 74, 82) . It remains unclear if the oligomerization contributes to Golgi complex retention or if the formation of oligomers is a consequence of concentration of the proteins in specific membranes due to other retention factors.
The ORF7b protein has a fairly long transmembrane domain at 22 amino acids, significantly longer than the proposed average size of 15 residues for Golgi complex-resident proteins (4). This would suggest that TMD length is not the predominant mechanism holding ORF7b in the Golgi complex. The ORF7b TMD does, however, contain a high concentration of phenylalanine residues, consistent with the theory that protein TMDs containing amino acids with large side chains prefer the more energetically favorable bilayer of the Golgi complex. The mutation of some of the phenylalanine residues within the ORF7b TMD had no effect on Golgi complex retention (TMD residues 1, 5, 8, and 11), although all phenylalanine residues within the TMD were not mutated simultaneously. Two phenylalanine residues are located at the carboxy-most end of the TMD (residues 20 and 22), and the mutation of this region did have a significant impact on the Golgi complex retention capability of the sequence. However, phenylalanine concentration can be ruled out as the sole mechanism for Golgi complex retention, as replacing TMD residues 13 to 15 (VLI) of the CD4 ORF7b TMD chimera with alanines eliminated the Golgi complex retention phenotype.
It is possible that the ORF7b protein utilizes a "kin recognition" mechanism for retention within the Golgi membranes. ORF7b does not form disulfide-linked oligomers (61); however, the oligomerization state of the protein has not been investigated further. It is plausible that the identified residues within the C-terminal region of the TMD are important for homotypic interactions. Further analysis of this may be warranted to fully understand the mechanism of Golgi complex retention. It may also be possible that the identified residues are involved in direct interactions with other Golgi complexresident protein TMDs, allowing ORF7b monomers to anchor into the Golgi complex region.
While ORF7b is packaged into virions, it is clear that the ORF7b protein is not required for the virus budding process, as gene 7 deletion viruses replicate efficiently in vitro and in vivo. It is not clear whether Golgi complex localization is a requirement for ORF7b packaging into virions. The coronavirus spike and hemagglutinin proteins are not required for virion budding but are copackaged into virus particles via interactions with M (reviewed in reference 8). To identify the mechanism of incorporation of ORF7b, the mutants generated in this study may further be utilized to analyze the requirements not only for Golgi complex localization in virus packaging but also for direct interactions with other structural proteins.
Fundamental mechanisms involved in protein sorting within the exocytic pathway remain an area of intense research. We have identified that the transmembrane region is necessary and sufficient for conferring ORF7b Golgi complex localization and have identified specific regions within the TMD that are critical for this phenotype. Thus, the ORF7b protein may be used as a model Golgi complex-resident protein in future experiments to provide additional insight into mechanisms of protein sorting.
